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AEsstracL Past s(udics of the properties  of Alfv&r  waves in the
solar wind have indicated that (1) the amplihrdc of the velocily
fluctuations is almost always smaller than expected on the basis
of tbc amplitude of the field fluctuations, even when the
anisotropy of the plasma is taken into account, and (2) the alpha
particles often do not participzitc in the wave motions hccaosc
(hey “surE_’  on the waves carried by the proton fluid. LJlysses da[a
arc oscd [o dcmomslralc that ( 1 ) the discrepancy Erc[wecn  the ve-
locity and field fluctuations is greater at high heliographic lati-
tudes than in the ecliptic plane, and (2) the alphas do participate
in the waves, being either in phase or out of phase with the proton
motiom  depending on whether the differential flow speed hc-
twccm the alphas and protons is greater than or lCSS than the
“observed” wave speed, VW:,Y,C = 6\’ 11(,/511,  as determined from
the ratio of amplitudes of vcloci(y and magnetic fluctuations. Tbc
possibility that the modification of Alfv6n wave propagatic,n
speed is duc to pressure anisotropics  resulting from pickup ion
distributions is invcs(igatcd.

introduction

At low frcqucncics,  the properties of transverse n~agnctohy -
drodynamic  (Ml 11)) waves, called Alfv&l waves, arc expcctcd to
satisfy lhc relation (vclocilics  below in the fluid (Z,cro total
momentum) frame:

where Vi) is lhc velocity of ion spccics i in the fluid frame (zero
total momentum), B is the vector ]niignctic  field, Bc, is the field
magnitude, VA is the Alfvc% speed

(2) VA= W(4 n p)lll

p is tbc plasma density, and A is a factor that takes account of any
anisotropy in the plasma.

=*~=vAA, A2=l.41r(pl -p, )/Ft2(3a,fr) VWavC  ~

Through the comparison of proton velocities with rnagnctic
flrld  vectors measumd on Mariner 5, Belcher  and Davis (1971)
showed that large-amplitude waves were often detected propagat-
ing outward from tlm Sun, with the purest modes found in high-
sl)ccd streams and on tbcir trailing edges. They also found that
v wave = 0.78 VA, and soggcstcd that the anisotropy required to
give A = 0.78 sccmcd reasonable. In a later paper, Bclcher and
S~dodyna (1975) dcl ivcd a valrrc of A = 0.68, and commented that
the reason for such a “discrepancy” bctwccn the observed and the
cxpcctcd value of A = 1.0 was not understood. Similar problems
were found with the jump conditions across rotational discontinu-
itics (Belcher  and Sok@na, 1975; Nerrgebauer  et al,, 1984),
which can bc thought of as stccpcncd Alfv&r  waves. Using lSEEi-
3 data, Ncu~t,bc~//cr et al. ( 1984) obtained a discrepancy of a P~c-
tor of 0.77 even afmr including the observed pressure anisotropies
associated with double-peaked proton distributions, anisotropic
al pha-partic]c distl ibutions moving faster along the field than the
p[otons, and electrons. Another noteworthy feature of Alfv&r
waves in the solar wind is their effect on the alpha-particle conl -
porrent of the pliisrna.  I’hc data acquired by the Helios spacecraft
ill the high-speed wind from coronal holes clearly showed largc-
alnplitude  fluctuations of the direction of the proton velocity
vrctor  which were closely correlated with fluctuations in the field
direction; at the same time the flow direction of the alpha parti-
CICS remained nearly radially outward (Marsd e/ al., 1982). At
tlm smallcl heliocentric distances sampled by FIelios (from 1.0 to
0.3 AU), tlm alpha-particle velocity excccdcd the proton velocity
by an amount tha[ approached or nearly equaled the Alfv&r speed
VA. Marsch rf al, conclrrdcd that the alphas move through the
pt oton fluid at approximately the same speed as the waves, and so
d{, not feel the wale  motion.

In this p;ipcr, [Jlysses data arc used to test consistency with the
relations sun~mririn’d  in F.quations ( 1 )–(5) above and to examine
tllc relation bctwccn the alpha particles and the waves under a
wide range of solar wind conditions. We find the observed wave
s]lccd estimated fmn VW,avC  = W B#S1i  to bc lCSS than that cal-
culated from cqs. 1-5. I’he possibility that anisotropic pickup ion
distributions may explain the discrepancy is investigated, and
other alternatives arc discussed.

where p, and pd arc the total plasma pressures parallel and per-
pcndicolar  to tbc magnetic field, and VWavC is the wave speed.
NOIC that relative streaming between protons and alpha particles
contributes to parallel pressure (Neu~clxlucr  et al., 1984). The p
in the ahovc cqoa[ions refer to the density of the total fluid. If tbc
principal ions arc protons and alpha particles, then, the fluid
velocity in the spacecrtift frame is,

nV +4naVaV=. r P./ np +4 na
where the n’s refer to number densities and the subscripts ~ and ~
refer to protons and alphas rcspcctivcly.  Since -95Y0  of the ions
in the solar wind arc protons, it is often assumed that the fluid
frmc is the sanlc as the proton frame; this study does not make
that assumption.

Proton and Alpha Velocity Fluctuations

The data used in this study were obtained by the Ulysses
sl)acecrttft during troth its in-ecliptic flight to Jupiter and its out-
o!-the-ecliptic trajectory through the end of 1994. During that
tiloe LJlysscs covcrcd a heliocentric distance range of 1.5 to 5.4
ALJ and a latitude range of -O to -80°. The plasma data were ob-
t~)lncd  by the LJlys..cs  solar wind plasma experiment named Solar
Wind Obscrvations Ovcr the Pole.s of the Sun (SWOOPS). The
d~sign and operation of SWOOPS arc described by Bcrmc et a[.
(1 992). In i[s usual mode of operation, SWOOPS rncasures the
three-dimensional clistribution of protons and alphas with spac-
it,gs of S% in cncrpy, -5° in both polar and azimuthal angles, and
ci[her 4 or 8 minutes in tirnc, depending on whether the spacecraf[
is being [racked or is storing data for later readout. SWOOPS ob-



. .

taims clcctmn distribLltions  cvcl-y 3.1 or 6.3 minutes, :ind the clcc-
trrrn data have been interpolated to nlatch tbc times of ion obser-
vations. The magnetic field data were obt:iincd by the lJlysscs
n~agnctrmwtcr for which A. Balogh is the principal investigator
(l{rdogh l’t (il., 1992).

I’here were many periods when hrr,ge-amplitude Alfv&l waves
were clearly present in the Ulysses data, especially wbcn the
spacecraft WIS  in the high-speed stream fron~ the southern polar
coronal hole (e. g., Smi[h d rr[., 1995). F’igures 1 and 2 display
scatter diagram of the nortll-sou[h (N) components of the proton
and alplmparliclc  velocities plotted versus the N component of
the rnagnctic field normalized by [hc field magnitude for two dif-
ferent 12-hour intervals. The N component was selected for study
bccausc the motions in tb:it direction are less affected by streanl-
strcam intcmctions  than arc the radial (R) or tan.gcntial (T) crml-
poncnts.

~onsidcr  firs[ the data shown in Figrrrc 1, obtained near the
ecliptic wbcn Ihc spacecraft was 5.22 A~J from the Sun (1992,
Jan. 17, 12:00-24:00).  ‘f’hc N components of both the proton and
alpha-parliclc  velocities were positively correlated with BN/B
(corrclalion coefficients of 0.88 and 0,90, respectively) as woul(i
bc cxpcctcd for Alfv6n waves trswcling away from the Sun wbcn
Ihc interplanetary magnetic field points toward the Sun (BR < O).
‘f’hc average Al fvr5n speed during this interval was 34.5 kn~/s,
while the anisotropy Pac[or calculated from tbc observed proton,
alpha, and electron distributions (including all anisotropics  and
differential slreaming)  was ACalC = 0.92, corresponding to an ex-
pcctcd wave speed of 31.7 knl/s. When the N component of the
fluid velocity VN is con~parcd  to B@, the slope of the scatlcr di-
agram (not s}mwn)  yields an cffcctivc  wave speed of only 20.5
kn~/s, so that A,,hs = 0.59, which is considerably less than ACalC =
0.92. ‘f’bc alplu-particle s(rcaming velocity relative to the proton
fluid (Val, = 5.5 kn~/s)  WM much ICSS  than tbc wave VCkitY (20.5
kn~/s)  so the alpha par[iclcs par(icipa{cd in the wave motion.

“1’hc alplmpat-liclc behavior in the waves observed in the hipl~-
lati[udc coronal hole data shown in Figure 2 is remarkably ciiffcr-
ent. “1’hc value of A calcLllatcd  from the ion and electron clistribu-
tions was A,al, = 0.91, while the cffcctivc. wave speed calcrrlatcd
from the fluid VN versus I]r.$1] scatter diagrams was only ]9. ]
kn}/s, crmcsponding  to A{)h,  = 0.43. The alphas were streaming
through the proton fluid with a speed of 33.8 kn~/s, which ex-
cccded the observed VW,avC  = 19.1 km/s. Because tbc alphas were
traveling faster than the wave speed, the wave appeared to the al-
phas to bc traveling opposite to the apparent wave direction seen
by the protons, and so motions of the alphas and protons were out
of phase with cacb otbcr, which explains the negative slope for
the alphas on tbc right side of F’igurc 2.

I’hc two illustrative intervals shown in I:igures 1 and 2 were
typical of the two casc$ VaP > VWa,,C  and VaP < Vw,~VC.  Figure ~
demonstrates the relation bctwccn proton and alpha motions over
a wide rarrgc of solar wind conditions. F.ach point in that };ig,Llrc
was calculated for a 6-hour interval which was judged to have
significant Alfv&n  wave ac(ivity by satisfying the criteria that ( 1 )
the absolute value of tbc correlation coefficient bctwcerr the N
con~ponents of the proton velocity VPN and the field BN w a s
greater than 0.80, and (2) the root mean square magnetic field
magnitodc fluctuation was ICSS  than IOYC  of the field magnitude.
I’hc data used for this survey included all the data taken in the
flow from the sooth polar coronal hole through Dec. 31, 1994, Io-
gc[hcr with periods identified :is “norI-interaction regions” prior to
Ihc spacccr:tft cn[ry into the coronal hole flow. For each of the rc-

SLI Iting Alfv&ric intervals, ~“igLlrc ~ shows the Corrckttion  bCtWCCn
the N cotnl]oncnts of tbc alplmparticlc  velocity and the magnetic
fl~kl plotted vcrwrs IIIC ratio of the alpha-pariic]e proton differen-
tial field-aligned velocity, VaP, to the “observed” wave speed cal-
culated fron] the slope of a Icast-squares fit of the fluid velocity
V~ versus B@. l’hc sign for the ordinate was chosen to bc posi-
tive if VPN and VaN were in phase and negative if tbcy were out
of phase. l’he plot in Figure 2 shows that the sign of the correla-
ti(m between VPN and VaN dots indeed depend on whether the
sl)ccd of the alpha-particle streaming re]ativc to the protons is
g[catcr than or less than VW,VC. I’or complctencss,  it is noted that
there were a fcw periods with Va~(VW~,C) >2 which were not
illcludcd in the plot; for each of those intervals, VPN and VaN
vwre anticorrc]atcd, as expcctcd.

The behavior of the alpha particles relative to the protons gives
us confidence that the wave speeds obtained from the slopes of
the VN-BN/B scatter diagrams are roughly correct and that the
discrepancy between ACalC and AC,hs  is not caused by some gross
e] ror in the n~easurcmcnts  or instrument calibration. Figure 4
stlows the si?,c of the discrepancy for Al fvc$nic intervals averaged
over 10° in Iatitudc (cxccpt for the closest interval, which was av-
eraged over only 5“) as a function of heliocentric distance. ‘f’hc
tt ianglcs in tbc ldo[ show the value of AC)hs2 corresponding to the
slope of the VN-B,~/ll  corrc]ations while the crosses show ACalC2.
The error bars denote the standard deviations about the mean.

Iwo possible explanations of the discrepancy between Acalc
atld Aobs arc that: ( 1 ) the waves arc not, in facl, Alfvt5n waves, or
(2) the missing anisotropy is contributed by some ion population
n~)t included in the estimation of ACalC. Since the same discrep-
ancy in propaga(iorl velocity is seen at rotational discontinuitics
(I{elcher and SolmlytKI, 1975; Neugr+aucr et al., 1984), wc be-
]iL;vc tbc second explanation is probably tbc correct one.

Anisotropic  Pickup Ions or other Cause?

I’his section presents a model based on the hypothesis that the
nlissing anisotropy al-iscs from interstellar pickup ions, and dis-
cusses alternative explanations. Gkwckler ef al. (1993) have rc-
porlcd pickup 11+ and Hc+ number densities of 5.4x 10-S and
6.7x10-S cnl-3 at 4.82 AIJ in the ecliptic; for a thermal speed of
700 kn~/scc  (fast solar wind), the associated pressure is 1.5x10-12
dyne/cn1 2 while B2/4rr is about 4X10-]2  dyne4cn12. Pickup ions are
itlitially crcatcd traveling inward along the magnetic field in the
stdar wind frame, iind if the inward velocity is greater than tbc
p~rpcndicular thcr)tlal speed, then P,>PJ and the wave speed is re-
duced, For the parameters just mentioned, tbc pickup ion distri-
bution, if very anisotmpic, could modestly affect the wave speed.

At bighcr latitudes, the BI component and magnitude of the
n Iagnetic flcld arc dccrcascd  and greater modification of wave
properties seems possible. In addition to the streaming of tbc
pickup ions along, the large scale spiral magnetic field, smaller
scale effects may also occur. For exarnplc, Glordder  et al. (1994)
have observed cor[clatcd  variations in the densities of pickup
protons and helirrnl ions, and attributed this to streaming into lo-
cal ma.gnctic trtips. Such streaming would also produce pressure
anisotropics.

The model used here to obtain an upper limit for the possible
effects of the large scale spiral field on pickup ions corresponds
t{, the case of no scattering of pickLlp ions by intcrp]anelary waves
a!ld no streaming into magnetic traps. It is generally assumed that
waves generated by tbc initial distribution of pickup ions rapidly



pitckrrrglc  scat(er the ions into an apprmxirnatcly spherical shell
in vc]ocity space (l,ee atld ]/J, 1987),  bLlt the expected waves from
this ptmccss arc rarely ohscrvcd. Wc assume ins[cad that pickup
ions arc not sc:itlcrccl by clcclromafinetic  waves as tbcy stream
adiabatically in the large scale hclitrspberic flcld; this allows an
upper limit for the modification of wave properties to bc obtained.
I’hc cold interstellar nco[ral gas model of 7homa.s  (1978) is used
together with the parameters for the neutral distribution used by
G/oeckler  Ff al. (1 993). Although wc usc the same neutral model
as G/occkler  et a/., our pickup ion densities are larger duc to the
lower radial vclrrcitics of outward iravelin~, ions (which are al
pitch angles where they might not typically bc observed). ‘1’he

collations of adiabatic particle n~otion (i.e. > gyro-avCraged drifl
equations) in the strong electric field case (electric field drift 2
thermal speed) arc obtained from Sirwkhin  (1965). A ~drker spiral
intcrphmctary magnetic field is asstrmcd with BK independent of
]alitLldc and ]orrgitLldc  and CC]LMI  10 3.5 n’f’ at ] AU. The solar
wi{~d is assumed to b~)radial with V = 750 km/see at latitudes >
35 , 400 kn]/scc  at O Iati[ud$,  and LO vary as half of a cosine
wave bctwccn latitudes of O to 35 ~alcttlations  were dottc
along the orbital track of Ulysses a[ 10° lati(udc inkmals  taking
both the heliocentric distarrcc and longitttdc wi[b respect to the
ftcrw direction of the inlcrs[cllar  gas inlo account. Figure 5
compares the change in A* rcqrrired to explain the observation
(i.e., ACalC2 – AC,b~J  to tbc anisotropy ratio duc to streamiug
pickup ions as computed from the mcrdcl  (i.e., 1- APU 2 = 47r(Ppull
— PP.L  )/1~2 where the subscript ~U denotes the contribution of
pickup ions). Hctwecn about 2 and 4 AU (when Ulysses was
polcward of -40° latitude), the model valtrc. of 1- APU2  is rnorc
than sofficicnt to account for the discrepancy bctwccn  Acalc  and
Ac,bs. Over most of that region, however, 1 -- AP,2 > 1, which
implies dmt A(,U is imaginary and that the plasma is firehosc un -
stublc; if for some reason resonant instabilities did not s!ar[ to
scatter Ihc ions, tbcn the fircbosc  instability would, Inside 2 AU

(cquatorward of -70°) and bctwccn 4 (- -45°) and -S AU (-25”),
lhc rnrrdcl predicts that the effect of pickup-ion anisotropy is
somewhat lCSS than nccdcd to explain the observed wave speeds.
Beyond 5 AU, the rnodcl gives APU2  > 1, which suggests that
heavy ion anisotropics  may contribute to the mirror instability
and the production of rnagnctic  holes. In addition to the
anisotropics cmnputcd  from the model, there may bc further con-
tributions from the streaming mechanism discussed by GIoeckler
C/ (Il. (1994).

The model was also run for the ecliptic at 1 AU. For a solar
wind speed of 400 kn~/s,  1 - APU2 varied from 0.01 to 0.02 over
the coLlrsc of a year. For a speed of 750 kinds, 1- APU2  ran from
0.08 to 0.21. Not surprisingly, the effect is very dcpcndcnt  upon
solar wind speed. Since most studies of Alfvchr  waves near 1 A(J
have typically dealt with high speed streams, the effect of pickup
ions on tbc wave speeds observed there may have been sigrrifi-
Canl.

An al[crnativc point of view is thtit the reduction in the Alfv&l
ratio (r*, kinetic energy of fluclLlations  to magnetic energy) k duc
to solar wind turbtrlcncc effects (e.g., Roberts ef al., 1992), a-
thotrgh  gcncral]y (but not alwtiys) such theory would predict rA to
bc about OIIC (rA=] is cqttivalcnt to A2c,h,=l  ). our opinion is tlla~
such effects could not account for the reduced wave speeds ob-
served at rotational discontinuitics  (Belcher and Sokdyna,  1975;
Ncu8ebciucr et a/., 1984). On the other hand, it is clear that the
magni!udc  of the reduction wc calculate in the ecliptic at 1 AU
(last paragraph) is marginal even assuming solar wind speeds of
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750 knl/scc and no scattering of pickup ions. It may bc that in dif-
fering circumstances (high speed versus low speed solar wind,
Al fv&ric versus nom Al fv&lic)  more than onc process is important
in dctcrminirrg rA. in particular, the effect of pickup ions would
bc greatest at high latitudes beyond 1 AU, where large negative
values of 1 - APU2  arc calculated and where the greatest reduction
irl wave speed is observed. Fttrthcr work to characterize the effect
at 1 AU as a function of angle with respect to the flow of the
local inter-Slcllar Mcdiurn should definitively test whether
pickup ions make a significant contribution to the speed
rrduction.
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Figure  (%ptions

I’igttrc 1. The relation hctwccn VN and BN for protons (left panel)
and alpha particles (right panel) for a 12 hour interval near the
ecliptic during which AlfvLn waves were present.

Iiigtrrc 2. Same as Figure 1 but for high latitudes.

Figure 3. Ckrrrc]alirm bctwccn VN and BN for alpha particles as a
function of the difference between the field-aligned alpha particle
and proton velocity components normalized  to the ‘<observed”
wave speed. The sign of the ordinate is + (-) if the alphas are in
ptmse (oLlt of phase) with the protons.

l’igurc 4 7@: Ulysses latitude bins over which average values of
the anisotropy  fi~ctm A2 were calculiitcd plot[cd versus bcliocen-
tric distance. IIol[om: l.atitLldc-bin averages of the anisotropy
factor AZ calculated from the observed distributions of protons,
alptms, and clec[rons (crosses) tind from the slopes of the VN vcr-
sus l]N scatter diagmms (triarrglcs) for Alfwfnic intcrv:Lh plotted
vcrsLls heliocentric dis[ancc.

}’igurc 5. }Iclioccn[ric distance dcpcndcncc of the “discrepancy”
bctwccn Ihc observed values of the anisotropy factor A2 and that
calculated from proton, alpha, and electron distributions (solid
circles) and the additional contribution to A 2 calculated from a
simple moclcl of tbc anisotropy duc to interstellar pickup ions
(open circles). ‘f’hc points were calculated over the latitudinal bins
displaycrl in F’igurc 3.
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